The repeated cycles of cessation of consumption and relapse remain the major clinical concern in treating drug addiction. The endogenous opioid system is a crucial component of the reward circuit that participates in the adaptive changes leading to relapse in the addictive processes. We have used genetically modified mice to evaluate the involvement of m-opioid receptor (MOR) and d-opioid receptor (DOR) and their main endogenous ligands, the enkephalins derived from proenkephalin (PENK) and prodynorphin (PDYN), in the reinstatement of cocaine-seeking behavior. Constitutive knockout mice of MOR, DOR, PENK, and PDYN, and their wild-type littermates were trained to self-administer cocaine or to seek for palatable food, followed by a period of extinction and finally tested on a cue-induced reinstatement of seeking behavior. The four lines of knockout mice acquired operant cocaine self-administration behavior, although DOR and PENK knockout mice showed less motivation for cocaine than wild-type littermates. Moreover, cue-induced relapse was significantly decreased in MOR and DOR knockout mice. In contrast, PDYN knockout mice showed a slower extinction and increased relapse than wild-type littermates. C-Fos expression analysis revealed differential activation in brain areas related with memory and reward in these knockout mice. No differences were found in any of the four genotypes in operant responding to obtain palatable food, indicating that the changes revealed in knockout mice were not due to unspecific deficit in operant performance. Our results indicate that MOR, DOR, and PDYN have a differential role in cue-induced reinstatement of cocaine-seeking behavior.
INTRODUCTION
Addiction is a chronic brain disease characterized by the compulsive use of drugs in spite of their adverse consequences, loss of control over drug taking, and relapse even after long periods of abstinence according to the 'Diagnostic and Statistical Manual of Mental Disorders (5th edition; DSM-5; American Psychiatric Association, 2013), the most widely accepted nomenclature used by clinicians and researchers for the classification of mental disorders. The repeated cycles of relapse after cessation of consumption remain the major clinical concern in the treatment of drug addiction (Miller and Gold, 1994; Weiss, 2010) . In our laboratory, we have recently validated novel models of reinstatement of drug and food-seeking behavior (MartinGarcia et al, 2011; Soria et al, 2008) in mice that allow to study the neurobiological mechanisms of relapse through the use of genetically modified mice.
Complex adaptive changes within the brain reward circuits occurring during the addictive processes are responsible of drug relapse. Several neurotransmitters, including the endogenous opioid system are involved in these changes (Bodnar, 2008; Volkow et al, 2009 ). Chronic exposure to the different prototypical drugs of abuse, including opioids, alcohol, nicotine, psychostimulants, and cannabinoids has been reported to produce significant alterations within the endogenous opioid system, which seem to have an important role in the development of the addictive process (Trigo et al, 2010) . The endogenous opioid system is integrated by different families of endogenous opioid peptides, and three different opioid receptors, m (MOR), d (DOR), and k (KOR), widely distributed in the central nervous system and peripheral tissues. The activation of these opioid receptors leads to different intracellular responses that produce an inhibition of neuronal activity and a reduction of neurotransmitter release (Law et al, 2000) .
Three families of endogenous peptides derived from either proopiomelanocortin (POMC), proenkephalin (PENK), or prodynorphin (PDYN) generate several final active peptides including b-endorphin, met-and leuenkephalin, dynorphins, and neo-endorphins, respectively, that exhibit different affinities for each opioid receptor (Kieffer and Gaveriaux-Ruff, 2002) . The opioid peptides derived from PENK represent the main endogenous ligands that activate MOR and DOR in multiple brain areas, although endogenous enkephalins also derive from PDYN (Kieffer and Gaveriaux-Ruff 2002) . These receptors have an important role in regulating mood and reward, and are key components in the control of drug reinforcing effects leading to addictive behavior. Multiple studies have suggested an important role for opioid receptors and their endogenous ligands in cocaine addiction (Charbogne et al, 2014) . Administration of MOR antagonists attenuates cocaine-induced conditioned place preference and reduces cocaine self-administration and reinstatement in rats (Soderman and Unterwald, 2008; Tang et al, 2005; Ward et al, 2003) , and cocaine reinforcement was reduced in MOR knockout mice (Mathon et al, 2005) , suggesting the involvement of MOR in cocaine addiction. DOR antagonists can increase or decrease cocaine self-administration in rats depending on the brain area microinjected (Ward et al, 2003) . The role of endogenous opioid peptides derived from PENK in cocaine responses is still unknown, although these peptides participate in the reinforcing effects of other drugs of abuse (Berrendero et al, 2005; Marinelli et al, 2005) . Several opioid peptides have opposite roles in the control of behavioral responses such as dynorphins and Leu-enkephalin derived from PDYN (Butelman et al, 2012) , and their specific involvement in cocaine reinforcement remains unclaryfied.
Both drug and food reward has in common the involvement of similar neurochemical pathways within the mesolimbic system (Lutter and Nestler, 2009) . Indeed, the endogenous opioid system also has an important role in the mechanisms underlying the behavioral responses directed to obtain food (Kelley, 2004; Shippenberg et al, 2007) . In agreement, pharmacological agonism or antagonism of MOR and DOR increased or decreased, respectively, food intake (Bodnar, 2004; Zhang et al, 1998) .
The aim of this study is to investigate the participation of the two main opioid receptors involved in drug reinforcing effects, MOR and DOR, and enkephalins derived from PENK and PDYN that represent their main endogenous ligands, in the reinstatement of cocaine-seeking behavior by using knockout mice deficient in these four components of the endogenous opioid system and their wild-type littermates. We have also evaluated the impact of the deletion of the components of the opioid system on cue-induced reinstatement using c-Fos expression as a marker of neuronal activity in brain areas involved in addiction. The use of knockout mice is an essential tool for understanding the role of the opioid system in drug reinforcement and relapse and complement the information previously obtained on pharmacological studies (Lutz and Kieffer, 2013) .
MATERIALS AND METHODS

Animals
Homozygous knockout mice deficient in MOR, DOR, PENK and PDYN on a C57BL/6J background and their respective wild-type littermates were used (Matthes et al, 1996; Filliol et al, 2000; König et al, 1996; Galeote et al, 2009) . Previous studies have shown that the genetic ablation of a specific opioid receptor did not result in major changes in other opioid receptor sites (Kieffer and Gaveriaux-Ruff, 2002) . Mice were housed individually in controlled laboratory conditions with the temperature maintained at 21±1 1C and humidity at 55 ± 10%. Mice were tested during the first hours of the dark phase of a reversed light/dark cycle (lights off at 08:00 h and on at 20:00 h). Food and water were available ad libitum in mice used in the cocaine experiment. For operant behavior maintained by food, mice were food deprived (85% of the initial weight) and water was available ad libitum. Animal procedures were conducted in strict accordance with the guidelines of the European Communities Directive 86/609/EEC regulating animal research and were approved by the local ethical committee (CEEA-PRBB).
Cocaine Self-Administration Apparatus
Cocaine self-administration training was performed in operant chambers (Model ENV-307A-CT, Med Associates, Georgia, VT, USA) equipped with two holes, one randomly selected as the active hole and the other as the inactive (see Supplementary Information).
Surgery
Mice were anaesthetized with a ketamine/xylazine mixture (20 ml/kg of body weight) and then implanted with indwelling i.v. silastic catheters as previously described (Soria et al, 2005 ) (see Supplementary Information). The success rate for maintaining patency of the catheter (mean duration of 13 days) until the end of the cocaine selfadministration training was 88%.
Drugs
Cocaine hydrochloride was obtained from Ministerio de Sanidad y Consumo (Spain) and dissolved in sterile 0.9% physiological saline. Ketamine hydrochloride (100 mg/kg) (Imalgène 1000; Rhône Mérieux, Lyon, France) and xylazine hydrochloride (20 mg/kg) (Sigma, Madrid, Spain) were mixed and dissolved in ethanol (5%) and distilled water (95%). This anesthetic mixture was administered intraperitoneally in an injection volume of 20 ml/kg of body weight. Thiopental sodium (5 mg/ml) (Braun Medical S.A, Barcelona, Spain) was dissolved in distilled water and delivered by infusion of 0.1 ml through the i.v. catheter.
Food-Maintained Operant Behavior Apparatus
Operant responding maintained by food was performed in mouse operant chambers (Model ENV-307A-CT, Med Associates, Georgia, VT, USA) equipped with two retractable levers, one randomly selected as the active lever and the other as the inactive (see Supplementary Information).
Experimental Design
A first group of mice (n ¼ 101) was trained for cocaine self-administration experiments, during 2-h daily sessions to acquire operant responding maintained by cocaine (0.5 mg/kg/infusion, i.v.) under fixed ratio 1 (FR1) (5 consecutive days) and FR3 (7 consecutive days). The criteria for acquisition of operant responding were achieved when mice maintained a stable responding with less than 20% deviation from the mean of the total number of infusions earned in three consecutive sessions, with at least 75% responding on the reinforced nose-poke, and a minimum of 10 reinforcements per session (Martin-Garcia et al, 2011; Soria et al, 2008) . After the 12 FR sessions, animals were tested in a progressive ratio (PR) schedule where the response requirement to earn infusions escalated according to the following series: 1-2-3- 5-12-18-27-40-60-90-135-200-300-450-675-1000 . The maximum duration of the PR session was 4 h or until mice did not respond on any hole within 1 h, and was performed only once. After PR session, the thiopental test was applied and only mice that showed patency of catheter were moved to the extinction and relapse phases. The first extinction session occurred 48 h after the thiopental tests to avoid any possible influence of thiopental residual effects.
During the extinction phase, the experimental conditions were similar to the acquisition sessions except that cocaine was not available and the cue light was not presented after active responding. Mice were given 2 h daily extinction sessions, during 15 consecutive days until the criteria for extinction was achieved ie, during three consecutive sessions, mice responded on the active lever less than 30% of the responses reached in the three last acquisition days, and made less than 15 active responses per session. After extinction, mice were tested for reinstatement. Cuesinduced reinstatement was conducted under the same conditions used in the acquisition phase except that cocaine was not delivered. Each response on the active manipulandum in this phase led to the presentation of the cue light for 2 s. The reinstatement criterion was achieved when responding in the nose-poke doubled with respect to extinction responding.
For food-maintained operant behavior experiments, a second group of mice (n ¼ 63) was trained during 1 h for 10 consecutive days to lever press for highly caloric and banana-flavored food pellets (14% protein, 60% fat, 26% carbohydrate, with a caloric value of 5.32 kcal/g) (Bio-Serv, Frenchtown, NJ, USA) paired with the presentation of a cue light on a FR1 schedule followed by 10 sessions under FR5, using the same criteria for the acquisition of operant behavior previously described. After the 20 FR sessions, animals were trained in one single PR schedule session where the response requirement to earn pellets escalated according to the following series: 1-5-12-21-33-51-75-90-120-155-180-225-260-300-350-410-465-540-630-730-850 -1000-1200-1500-1800-2100-2400-2700-3000-3400-3800-4200-4600-5000-5500. The maximum duration of the PR session was 5 h or until mice did not respond on any lever within 1 h. This second group of mice was food deprived during the whole experiment at 85% of their ad libitum initial weight adjusted for growth.
Immunohistochemistry Studies
See Supplementary Information for tissue preparation, immunofluorescence and c-Fos quantification.
Statistical Analysis
Analysis of the data obtained during the acquisition and extinction phase was conducted using two-way ANOVA with manipulandum (active/inactive) as within-subjects factor and genotype as between-subjects factor. Post hoc analysis (Newman-Keuls) was performed when required. Progressive ratio, day of extinction, cues-induced reinstatement, and immunohistochemistry results were compared using one-way ANOVA.
All results are expressed as mean ± SEM. Differences were considered significant at po0.05. The statistical analysis was performed using the Statistical Package for Social Science program SPSS 19.0 (SPSS, Chicago, USA).
RESULTS
Acquisition and Maintenance of Cocaine SelfAdministration
MOR knockout mice (n ¼ 11) and wild-type littermates (n ¼ 13) were trained to self-administer cocaine under FR1 (5 days), and FR3 (7 days) schedule of reinforcement. Two-way ANOVA revealed significant main effects of hole during the training period indicating a continuous operant responding for cocaine and discrimination between holes. Significant effects of genotype on day 2, 3 and 4, and a significant interaction between genotype and hole were revealed on day 3 (Table 1A) . Subsequent post hoc analysis (Newman-Keuls) showed significant differences between genotypes on day 3 (po0.05) ( Figure 1a ). The acquisition criteria were achieved by 90% of the MOR knockout mice and 77% of wild-type littermates. No significant difference was revealed between the breaking point achieved by MOR knockout and wild-type littermates in the PR session [F (1,22) 
For DOR knockout (n ¼ 14) and wild-type littermates (n ¼ 10), two-way ANOVA revealed significant main effects of hole during the training period, indicating a continuous operant responding for cocaine and discrimination between holes. No main genotype effects but significant interactions between genotype and hole on days 8, 9, 10, and 11 were revealed (Table 1A) . Subsequent post hoc analysis (Newman-Keuls) showed significant differences between genotypes on day 8 (po0.01), 9 (po0.05) and 11 (po0.05) (Figure 1b ). The acquisition criteria were achieved by 93% of the DOR knockout mice and 100% of wild-type littermates. One-way ANOVA showed a significant decrease of the breaking point achieved by DOR knockout mice when compared with wild-type littermates [F (1,23) ¼ 5.673; po0.05] (Figure 1f ).
For PENK knockout (n ¼ 14) and wild-type littermates (n ¼ 14), two-way ANOVA revealed a significant effect of hole during the whole training period, indicating a continuous operant responding for cocaine and discrimination between holes. Significant effects of genotype on day 1, 2, 11, and 12, and a significant interaction between genotype and hole on day 4, 11 and 12 were revealed (Table 1A) . Subsequent post hoc analysis (Newman-Keuls) showed significant differences between genotypes on day 4 (po0.05), 11 (po0.05) and 12 (po0.05) (Figure 1c ). The acquisition criteria were achieved by 76% of the PENK Endogenous opioid system and relapse J Gutiérrez-Cuesta et al (Figure 1g ). For PDYN knockout (n ¼ 14) and wild-type littermates (n ¼ 11), two-way ANOVA revealed significant main effects of hole during the whole training period, indicating a continuous operant responding for cocaine and discrimination between holes. Two-way ANOVA did not reveal main effects of genotype nor interaction between genotype and hole through the entire acquisition phase (Table 1A ; Figure 1d ). All PDYN KO mice and wild-type littermates achieved the acquisition criteria in the last experimental sequence. One-way ANOVA showed no significant differences in the breaking point achieved by PDYN knockout mice and wild-type littermates [F (1,23) ¼ 0.213; NS] (Figure 1h ).
Extinction and Cues-Induced Reinstatement of Cocaine-Seeking Behavior
The extinction criteria were achieved by all mice. Two-way ANOVA revealed significant main effects in hole during the whole extinction phase in the four experiments (Table 1B) .
In MOR experiment, two-way ANOVA showed significant effects of genotypes on day 7, 10, and 15 without interaction between genotype and hole (Table 1B; Figure 2a ). One-way ANOVA did not reveal significant differences in the time required to achieve the extinction criteria [F (1,19) (Figure 2i) .
In DOR experiment, no significant main effects of genotype were obtained (two-way ANOVA), although a significant interaction between genotype and hole was revealed on day 5 and 10 (Table 1B) . Subsequent post hoc analysis (Newman-Keuls) showed significant differences between genotypes on day 5 (po0.05) and 10 (po0.001) (Figure 2b ). One-way ANOVA did not reveal significant differences in the time required to achieve the extinction criteria [F (1,21) ¼ 1.492; NS] (Figure 2f ). After extinction, one-way ANOVA showed a significant decrease in cues-induced reinstatement in cocaine-seeking behavior in knockout mice compared with wild-type littermates [F (1,21) ¼ 17.581; po0.001] (Figure 2j) .
In PENK experiment, two-way ANOVA revealed significant main effects of genotype on day 5 without significant interaction between genotype and hole (Table 1B; Figure 2c ). One-way ANOVA did not show significant differences in the time required to achieve extinction In PDYN experiment, two-way ANOVA revealed significant main effects of genotype on day 1, 2, 4, 6, 10, 11, and 12, as well as a significant interaction between genotype and hole on day 1, 2, 3, 4, 6, 7, 8, 10, 11, and 12 (Table 1B) . Post hoc analysis (Newman-Keuls) showed significant differences between genotypes on day 1 (po0.01), 2 (po0.001), 3 (po0.01), 4 (po0.001), 6 (po0.01), 7 (po0.01), 8 (po0.05), 10 (po0.01) and 12 (po0.001) (Figure 2d ). One-way ANOVA revealed a significant increase in the time required to achieve extinction [F (1,18) ¼ 10.618; po0.01] (Figure 2h ) and cues-induced reinstatement of cocaine-seeking behavior in PDYN knockout mice compared with wild-type littermates [F (1,18) ¼ 12.892; po0.01] (Figure 2l ).
C-Fos Expression
Fos protein levels were evaluated in brain areas involved in drug operant reinstatement (striatum, nucleus accumbens core, amygdala, prelimbic cortex, and CA1, CA2, CA3 regions of the hippocampus) in different knockout mice and wild-type littermates after the cues-induced reinstatement session. One-way ANOVA showed significant decreases in c-Fos levels in MOR knockout mice compared with wild-type littermates in CA1 [F (1, 11) (Figures 3c and 4) .
One-way ANOVA showed a significant increase in c-Fos levels in PDYN knockout mice compared with wild-type littermates in the striatum [F (1,16) (Figures 3d  and 4 ).
Acquisition and Maintenance of Operant Conditioning Maintained by Food
MOR knockout (n ¼ 8) and wild-type littermates (n ¼ 8) mice were trained to acquire an operant responding maintained by high palatable food pellets under FR1 (10 days), and FR5 (10 days) schedule. Two-way ANOVA revealed significant main effects of lever during the whole training period indicating a continuous operant responding for food pellets and discrimination between levers. No significant effects of genotype were revealed (Tables 1A  and B ). The mean number of active lever presses during the 3 days when the acquisition criteria were achieved was 216.17 ± 11.96 in MOR knockout group and 226.83 ± 21.08 in wild-type littermates (number of inactive lever presses 13.67 ± 3.63 and 16.25 ± 4.43, respectively). The breaking point achieved by MOR knockout mice in the PR session was 248.13±33.57 and 213.13±20.72 in wild-type littermates [F (1,14) ¼ 0.787; NS] (data not shown).
In DOR knockout (n ¼ 8) and wild-type littermates (n ¼ 8), two-way ANOVA revealed significant main effects of lever during the whole training period, indicating a continuous operant responding for food pellets and discrimination between levers. No significant effects of genotype were revealed (Table 1A ). The mean number of active lever presses during the 3 days when the acquisition criteria were achieved was 333. In PENK knockout mice (n ¼ 8) and wild-type littermates (n ¼ 8), two-way ANOVA revealed significant main effects of lever during the whole training period indicating a continuous operant responding for food pellets and discrimination between levers. No significant effects of genotype were revealed (Table 1A) . The mean number of active lever presses during the 3 days when the acquisition criteria were achieved was 249.88±43.62 in PENK knockout group and 304.25 ± 39.87 in wild-type littermates (number of inactive lever presses 19.25 ± 5.32 and 24.25 ± 3.97, respectively). The breaking point achieved by PENK knockout mice in the PR session was 237.5 ± 33.74 and 275 ± 37.86 in wild-type littermates [F (1,14) ¼ 0.547; NS] (data not shown).
In PDYN knockout mice (n ¼ 5) and wild-type littermates (n ¼ 10), two-way ANOVA revealed significant main effects of lever during the whole training period indicating a continuous operant responding for food pellets and discrimination between levers. Significant effects of genotype were revealed only on day 9 and 10 (Tables 1A and B) . The mean number of active lever presses during the 3 days when the acquisition criteria were achieved was 324.87 ± 37.38 in PDYN knockout group and 334.6 ± 23.63 in wildtype littermates (number of inactive lever presses 16.2± 7.22 and 36.63 ± 7.9, respectively). The breaking point achieved by PDYN knockout mice in the PR session was 248±27.14 and 251.5±23.66 in wild-type littermates [F (1,13) ¼ 0.008; NS] (data not shown).
DISCUSSION
The present study shows the specific involvement of four components of the endogenous opioid system in the acquisition and relapse of cocaine self-administration in mice. We have used a reliable operant model of reinstatement validated in our laboratory (Martin-Garcia et al, 2011; Soria et al, 2008) to demonstrate that the constitutive deletion of MOR, DOR, PENK, and PDYN differentially modifies the acquisition and reinstatement of cocaineseeking behavior, but has no significant consequences in a similar operant training for palatable food. Indeed, a similar performance in operant responding maintained by food was obtained in all knockout mice and wild-type littermates under our experimental conditions, which ruled out a potential learning impairment for operant training in these four lines of knockout mice. This experimental control was mandatory considering that MOR knockout mice displayed learning impairment in the radial-maze task (Jamot et al, 2003) and DOR knockout mice showed impaired place conditioning (Le Merrer et al, 2011) . These spatial memory impairments have no consequences in the performance of an operant training to obtain a rewarding stimulus, such as palatable food.
Previous studies have reported that selective MOR antagonists attenuate cocaine-conditioned place preference (Schroeder et al, 2007) and self-administration in rats (Ward et al, 2003) , while the deletion of MOR in knockout mice reduced oral ethanol self-administration and intravenous cocaine self-administration (Becker et al, 2002; Mathon et al, 2005) . In our experimental conditions, no major differences in the acquisition of cocaine selfadministration were revealed in MOR knockout mice, as only a single significant reduction of active nose-poking was observed on day 3, and no differences in cocaine motivation was shown in the PR. This discrepancy could be due to differences in experimental protocol used in terms of cocaine dose, and time of conditioning sessions, as the previous study only found significant differences at high cocaine doses in shorter session times. Our results reveal Figure 2 Operant behavior in extinction phase, the day of extinction and cues-induced reinstatement of cocaine-seeking behavior in MOR, DOR, PENK, and PDYN knockout mice. Mean number of nose-pokes in the active and inactive hole during the extinction training. (a) MOR knockout mice (n ¼ 10) and wild-type littermates (n ¼ 11). (b) DOR knockout mice (n ¼ 13) and wild-type littermates (n ¼ 9). (c) PENK knockout mice (n ¼ 11) and wild-type littermates (n ¼ 14). (d) PDYN knockout mice (n ¼ 9) and wild-type littermates (n ¼ 11). (e) Time in days necessary to accomplish extinction criteria in MOR KO mice (n ¼ 10) and wild-type littermates (n ¼ 11), (f) DOR KO mice (n ¼ 13) and wild-type littermates (n ¼ 9), (g) PENK KO mice (n ¼ 11) and wild-type littermates (n ¼ 14), (h) PDYN KO (n ¼ 9) mice and wild-type littermates (n ¼ 11). (i) Cues-induced reinstatement of cocaine-seeking behavior shown as normalized nose-pokes in the active hole in MOR KO mice (n ¼ 10) and wild-type littermates (n ¼ 11), (j) DOR KO mice (n ¼ 13) and wild-type littermates (n ¼ 9), (k) PENK KO mice (n ¼ 11) and wild-type littermates (n ¼ 14), (l) PDYN KO mice (n ¼ 9) and wild-type littermates (n ¼ 11). Data are expressed as mean±SEM. *po0.05, **po0.01, ***po0.001 vs KO group; (Newman-Keuls test (extinction) or one-way ANOVA (day of extinction and cues-induced reinstatement)).
Endogenous opioid system and relapse J Gutiérrez-Cuesta et al that MOR is involved in cocaine relapse, as reinstatement of cocaine-seeking behavior was attenuated in MOR knockout mice. In agreement, pharmacological studies have shown that MOR antagonists reduced cocaine relapse in rats (Tang et al, 2005) . Furthermore, the non-selective opioid antagonist naltrexone reduced cue-induced cocaine-seeking behavior (Burattini et al, 2008) , and had no effects on cocaine priming-induced reinstatement in rats (Comer et al, 1993) , although repeated naltrexone treatment suppressed this priming-induced reinstatement . Accordingly, microinjection of selective MOR agonists into the nucleus accumbens reinstated cocaine-seeking behavior in rats (Simmons and Self, 2009) . Interestingly, the number of positive c-Fos-immunostained cells was lower in MOR knockout mice after cue-induced cocaine reinstatement than in wild-type mice in CA1, CA2 and CA3 regions of the hippocampus. This result reflects a decreased neuronal activation in this brain structure closely involved in memory processing after the exposure to the cocaine-associated cues when the activity of MOR is absent. These behavioral and neurochemical results suggest that MOR is involved in cocaine reinstatement by modifying the neuronal activity in brain areas involved in memory.
Cocaine self-administration was significantly attenuated in DOR knockout mice when trained in FR3, but not in FR1, suggesting that the response is impaired only when the effort required to obtain the reward is enhanced. Other studies showed that DOR knockout mice acquired morphine self-administration similarly to wild-type mice (Le Merrer et al, 2011) , although these mutants showed a decreased operant responding when trained to obtain high doses of intravenous nicotine (Berrendero et al, 2012) . In agreement, with our acquisition data, the breaking point achieved by DOR knockout mice was significantly lower than wild-type littermates during the PR session. In contrast, DOR knockout were reported to achieve a similar breaking point for morphine than wild-type mice under a PR schedule (Le Merrer et al, 2011) . The reinstatement of cocaine-seeking behavior was also significantly reduced in DOR knockout mice. In agreement, pharmacological studies have suggested the participation of DOR in particular brain areas in cocaine-reinforcing effects (Le Merrer et al, 2009) , and microinjection of selective DOR agonists in the nucleus accumbens reinstated cocaine-seeking behavior in rats (Simmons and Self, 2009) . Furthermore, the enhancement of positive c-Fos-immunostained cells induced by cocaine reinstatement was attenuated in DOR knockout mice in the striatum, and the CA1 region of the hippocampus. These results revealed a decreased neuronal activation in these brain structures involved in motor and motivation control, and memory processing after the exposure to cocaineassociated cues in the absence of DOR activity. Our findings suggest that DOR modulates the motivation to obtain cocaine and cocaine reinstatement by modifying neuronal activity in brain areas involved in motor, motivation, and memory processing.
Cocaine self-administration was attenuated in PENK knockout mice, mainly when animals were trained in FR3. In agreement, the breaking point achieved by PENK knockout mice was also reduced during the PR session suggesting that opioid peptides derived from PENK have an important role in cocaine-reinforcing properties. PENK has been postulated to mediate the reinforcing effects of other drugs of abuse (Berrendero et al, 2005; Marinelli et al, 2005; Shoblock and Maidment, 2007) , and changes in PENK gene expression have been revealed after long-term cocaine self-administration (Crespo et al, 2001) . In contrast, cueinduced reinstatement of cocaine-seeking behavior was not modified in PENK knockout mice, which suggests that other opioid peptides different from those derived from PENK must be involved in the reinstatement of cocaine-seeking behavior. However, the number of positive c-Fos-immunostained cells was decreased in PENK knockout in the striatum, amygdala, CA2, and CA3 regions of the hippocampus after cue-induced reinstatement. Therefore, the absence of PENK decreases neuron activation in several brain structures during cue-induced reinstatement session, although these changes were not associated with a significant modification of cues-induced reinstatement of cocaine-seeking behavior.
The acquisition of cocaine self-administration and the motivation to obtain cocaine in the PR schedule were not modified in PDYN knockout mice. However, PDYN knockouts showed slower extinction and increased cues-induced reinstatement of cocaine-seeking behavior when compared with wild-type littermates, the opposite result to that obtained in MOR and DOR knockout mice on cocaine reinstatement. Opioids derived from PDYN include the MOR and DOR agonist leu-enkephalin as well as other opioid peptides with preferential KOR agonist properties, such as dynorphins (Kieffer and Gaveriaux-Ruff 2002) . Considering the opposite role on the control of the rewarding pathways of KOR with regards to MOR and DOR (Trigo et al, 2010) , and the opposite responses on cocaine reinstatement of our lines of knockout mice, we can postulate that the enhanced reinstatement of cocaine seeking revealed in PDYN knockout mice would be related to opioid peptides acting on KOR, such as dynorphins. In agreement, the DYN/KOR system appears to participate in the aversive effects related to cocaine exposure. Thus, KOR reduces the effects of stress on the reinstatement of cocaineseeking behavior in mice (McLaughlin et al, 2006) and rats (Beardsley et al, 2005) . Furthermore, repeated cocaine administration increases levels of dynorphins and prePDYN mRNA in animals and humans (Trifilieff and Martinez, 2013) . In support of our hypothesis, c-fos mapping reveals an opposite result to other lines of opioid knockout in PDYN knockouts after cocaine reinstatement. Indeed, the number of positive c-Fos-immunostained cells induced by cocaine reinstatement was enhanced in PDYN knockout mice in the striatum, the core of nucleus accumbens and CA2 region of the hippocampus, revealing an increased neuronal activation in these brain structures related to motor, motivation, and memory processing. The findings suggest that PDYN modulates cocaine reinstatement by modifying neuronal activity in these brain areas.
Our behavioral and neurochemical results suggest that DOR and PENK are involved in the motivation to obtain cocaine, and the absence of these opioid components reduces cocaine self-administration mainly when the effort to obtain the reward is increased. Moreover, cocaine reinstatement is reduced in MOR and DOR knockout mice, whereas it is not modified in the absence of PENK and results increased in the absence of PDYN. Therefore, the reduced cocaine reinstatement revealed in MOR and DOR was not mediated by the main endogenous ligand of these receptors, enkephalins, as the deletion of the two precursors of these endogenous opioid peptides, PENK and PDYN, did not mimic this behavioral response. In agreement, we have previously demonstrated that another MOR and DOR endogenous ligand, b-endorphin, has a crucial role in the rewarding properties of other drugs of abuse such as nicotine (Trigo et al, 2009) .
The genetic deletion of MOR, DOR, PENK, and PDYN did not modify the acquisition and motivation to maintain operant responding to obtain palatable food in deprived mice. In agreement, opioid receptor antagonists did not significantly modify food-seeking behavior (Abdoullaye et al, 2010) nor preference for high-caloric food in rats (Dela Cruz et al, 2012) . However, the enhancement of opioid activity by administration of opioid agonists increased preferentially high-caloric food intake (Taha, 2010) . In addition, rats with chronic access to highly palatable food increased their mRNA expression of POMC in the medial prefrontal cortex (Blasio et al, 2013) . Taken together, these results suggest that the absence of the basal tone of MOR, DOR, PENK, and PDYN did not modify food-seeking behavior in agreement with previous pharmacological studies, whereas opioid system activation promotes this behavior.
In conclusion, our results suggest that opioid peptides derived from PENK acting on DOR have an important role in cocaine-reinforcing properties. MOR and DOR, and endogenous opioid peptides different from enkephalins are crucial for cue-induced reinstatement of cocaine-seeking behavior by modulating neuronal activation of brain areas involved in the control of motor, motivation, and memory processes. Opioid peptides derived from PDYN have an opposite role to MOR and DOR in the control of cocaine reinstatement. The elucidation of these neurobiological mechanisms involved in cocaine-reinforcing effects and relapse opens new possibilities for developing new therapeutic strategies targeting the endogenous opioid system. Endogenous opioid system and relapse J Gutiérrez-Cuesta et al 
